Objective: In our previous work, we prepared a type of chitosan hydrogel with excellent biocompatibility. In this study, tissue-engineered cartilage constructed with this chitosan hydrogel and costal chondrocytes was used to repair the articular cartilage defects. Methods: Chitosan hydrogels were prepared with a crosslinker formed by combining 1,6-diisocyanatohexane and polyethylene glycol. Chitosan hydrogel scaffold was seeded with rabbit chondrocytes that had been cultured for one week in vitro to form the preliminary tissue-engineered cartilage. This preliminary tissue-engineered cartilage was then transplanted into the defective rabbit articular cartilage. There were three treatment groups: the experimental group received preliminary tissue-engineered cartilage; the blank group received pure chitosan hydrogels; and, the control group had received no implantation. The knee joints were harvested at predetermined time. The repaired cartilage was analyzed through gross morphology, histologically and immunohistochemically. The repairs were scored according to the international cartilage repair society (ICRS) standard. Results: The gross morphology results suggested that the defects were repaired completely in the experimental group after twelve weeks. The regenerated tissue connected closely with subchondral bone and the boundary with normal tissue was fuzzy. The cartilage lacuna in the regenerated tissue was similar to normal cartilage lacuna. The results of ICRS gross and histological grading showed that there were significant differences among the three groups (P<0.05). Conclusions: Chondrocytes implanted in the scaffold can adhere, proliferate, and secrete extracellular matrix. The novel tissue-engineered cartilage constructed in our research can completely repair the structure of damaged articular cartilage.
Introduction
Articular cartilage is a load-bearing in the structural organization of the normal joint and an essential part of joint motion. However, due to the lack of blood supply, it has limited capacity for regeneration once it is injured, and is usually repaired with fibrous tissue which does not have the durability and special mechanics of normal hyaline cartilage (Messent et al., 2007) . Therefore, various methods have been designed to promote the cartilage repair. In 1994, transplantation of autologous chondrocytes was reported to facilitate cartilage repair (Brittberg et al., 1994) , but this method has many disadvantages, including chondrocyte dedifferentiation during expansion in vitro, easy suspension of injected cells, and impaction of injected cells in cell sap. Other methods included microfracture (Steadman et al., 2002) , abrasion and drilling (Dzioba, 1988) , and cartilage scraping (Holmes, 2004) , but there were still many inherent problems. The repairs were functionally inadequate in the long term and increased the risk of further damage. Based on these reasons, the repair methods of damaged articular cartilage are limited and the traditional treatments are not ideal. As a result, the treatment of cartilage defects has remained a severe challenge in the orthopedic clinic.
Tissue-engineered cartilage may provide a promising approach for therapy. Tissue-engineered cartilage is constructed by seeding cells on materials, which can simulate the survival environment of chondrocytes. At present, synthetic and natural materials are the main components of tissue-engineered scaffold. Synthetic materials have been used widely in biomedicine because of their excellent plasticity, mechanical properties, and biodegradability. However, their poor biocompatibility has limited their further application. Natural materials, such as chitosan (Kuo and Lin, 2006) , collagen (de Franceschi et al., 2005) , and atelocollagen gel (Ochi et al., 2002) , have been receiving increasing attention. Among these natural materials, chitosan bioactive scaffold is ideal for cartilage because of its excellent biocompatibility and antibacterial properties. It can also improve woundhealing in the connective tissues of several species (Kim et al., 2008) . Furthermore, some characteristics of chitosan are similar to the extracellular matrix of articular cartilage, such as hyaluronic acid and glycosaminoglycan (GAG) (Francis Suh and Matthew, 2000) . Alginate-chitosan microcapsules have been used to encapsulate mouse osteoblastic MC3T3-E1 cells (Qiao et al., 2014) , and the results showed that the activity of cells in the alginate-chitosan microcapsules exceeded that of the alginate microcapsule group, which proved that chitosan has excellent biocompatibility. Nettles et al. (2002) demonstrated that cartilage cells can adhere for a long time to chitosan scaffolds, which keeps their morphological characteristics. These studies indicated that chitosan is a desirable scaffold for the repair of cartilage defects.
In this study, we prepared chitosan hydrogels with natural ethylene glycol chitosan. The crosslink agent was prepared by reacting polyethylene glycol (PEG) and 1,6-diisocyanatohexane (HDI). It was then reacted with the amidine and the hydroxyl group of ethylene glycol chitosan to form the network structure (Chen et al., 2014) . The preparation and the properties of this chitosan hydrogel have been described in the study of Chen et al. (2014) . This kind of chitosan hydrogel has excellent biocompatibility and mechanical properties because small amounts of crosslinkers form a massive covalent bond.
We used this gel to construct tissue-engineered cartilage with costal chondrocytes. Then the tissueengineered cartilage was implanted into defective rabbit articular cartilage. At a predetermined time, the joints were harvested and the repair was evaluated through gross morphology and histological and immunohistochemical analyses. The group implanted with chitosan hydrogel was the blank group, and the group without any treatment was the control group. We have discovered no report on the same topic so far.
Materials and methods

Construction of tissue-engineered cartilage in vitro
Japanese white rabbits (male or female, average weight (0.5±0.1) kg) were provided by the Experimental Animals Center of North Sichuan Medical College, Nanchong, China. All animals were anesthetized with pentobarbital sodium (30 mg/kg). The costal cartilage was harvested from the rabbits and processed in the lab under aseptic conditions. Then the costal cartilage was minced into pieces of about 1 mm 3 and incubated by 0.25% (2.5 g/L) collagenase (Sigma, USA) in a water bath overnight at 37 °C. The digested cartilage tissue was centrifuged at 1500 r/min for 5 min, and then was transplanted to a T75 flask and cultured in 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)-buffered Dulbecco's modified Eagle's medium (H-DMEM) and 20% fetal bovine serum (FBS; Hyclone, USA) with 5% CO 2 in an incubator at 37 °C. The first medium change was performed after 24 h, and then the medium was changed every three days. Chondrocytes were passaged and expanded. Chondrocytes in the passage 2 were collected to serve as seeding cells. All manipulations were performed under sterile conditions.
The chitosan hydrogel was prepared as published previously (Chen et al., 2014) . In this study, discs of 1 mm diameter were cut from lyophilized chitosan hydrogel scaffold and sterilized by ultraviolet (UV) irradiation in a polystyrene petri dish overnight. The scaffolds were then placed in a 24-well culture plate (one scaffold per well). Chondrocyte suspension (1×10 7 cells/ml, 100 µl) was deposited in the scaffold for 4 h and then 2 ml of DMEM medium containing 20% FBS was added. The scaffold with chondrocytes was incubated at 37 °C with 5% CO 2 for one week before being implanted into the defective cartilage. The chondrocytes-hydrogel was frozen at −20 °C and 5-µm sections were prepared for normal hematoxylin and eosin (H & E) staining and immunochemical staining.
Construction of animal model
The experimental protocol was approved by the Experimental Animals Center of North Sichuan Medical College. Fifty-four healthy Japanese white rabbits (male or female, average weight (3.0±0.2) kg) were provided by the Experimental Animals Center of North Sichuan Medical College. All rabbits were kept in a controlled environment with access to food and water. The rabbits were anesthetized by injection of 30 mg/kg of pentobarbital sodium. The knee joints were opened via a lateral parapatellar skin incision, and the patella was dislocated laterally. The knee was flexed 90° to expose the non-weight-bearing area of the medial femoral condyle. A full-thickness cartilage defect (4 mm in diameter, 3 mm in depth) was created in the center of the interchondylar groove through use of a circular stainless steel punch ( Fig. 1) , as reported by Wakitani et al. (1994) . The joint capsule was carefully sutured. The soft tissue was returned to its original site. All rabbits were given an injection of 80 000 U of penicillin after surgery for 3 d and allowed free movement post-operation. The 54 model rabbits were divided into two groups according to gender, then they were randomly assigned to three groups as follows: the experimental group (Group 1, n=18) which received tissue-engineered cartilage; the blank group (Group 2, n=18) in which defects were filled only with the chitosan hydrogel; and the control group (Group 3, n=18) which received no treatment. At four, eight, and twelve weeks after implantation, the rabbits in each group were killed by injecting overdose pentobarbital sodium, and then the knee joints were harvested for further research.
Gross morphology
The entire knee of each rabbit was dissected and the distal part of each femur was extirpated. The samples from each group were photographed and examined for evaluation according to the International Cartilage Repair Society (ICRS) gross morphology assessment scale for cartilage repair, as shown in Table 1 (Brittberg and Peterson, 1998; Peterson et al., 2000) . 
Histological and immunohistochemical analyses
After gross examination, the lower ends of the femurs were fixed in 4% buffered formalin for 1 d and demineralized in decalcifying solution for at least 10 d. Then they were embedded in paraffin and cut into 5-µm sections. Sections were stained with H & E, safranin-O/fast, and immunohistochemical staining. Histological observation was performed using a light microscope (Olympus, Japan). The repaired tissue was graded by three observers using the ICRS visual histological assessment scale for cartilage repair, as shown in Table 2 (Mainil-Varlet et al., 2003) .
The expression of collagen II in the regenerated tissue was analyzed by immunohistological staining using a collagen staining kit (Chondrex, USA). The sections were dewaxed in xylene and hydrated through graded alcohol. Then the sections was treated with 2% (0.02 g/ml) bovine testicular hyaluronidase for 30 min at 25 °C, followed by incubation with blocking buffer for 30 min. The sections were incubated with collagen II monoclonal antibodies (diluted at a volume ratio of 1:250) overnight at 4 °C. After being washed three times by phosphate-buffered saline (PBS), streptavidin peroxidase (diluted at a volume ratio of 1:200) was added and incubated for 1 h at 25 °C. Staining was developed in diaminobenzidine (DAB) solution for 20-30 min at 25 °C.
Statistical analysis
All samples in the three groups were stained and the representative results were listed. The ICRS scores were assess by three people to get the average scores. All data are expressed as the mean±standard deviation (SD). To assess differences in macroscopic scoring data and histological scoring data, the statistical analysis was performed with the Student's t-test (comparisons between two groups). The significant difference was set at P<0.01.
Results
Formulation of chitosan hydrogel and reconstruction of tissue-engineered cartilage in vitro
The chitosan hydrogel appeared in a columnar lucid shape (Fig. 2a) . The chondrocyte-hydrogel was cultured in H-DMEM containing 20% FBS for one week. H & E staining showed that cells grow confluently on the scaffold and immunohistochemical staining showed that chondrocyte on the scaffold can secrete specific extracellular matrix (Figs. 2c-2d) . These results suggested that the tissue-engineered cartilage is already under construction. 
Macroscopic observations of the articular cartilage repair twelve weeks post-operation
All rabbits in the experimental group, with the exception of two, survived the follow-up period of four, eight, and twelve weeks without wound infection, limited range of motion, or synovitis in the operated knees. Generally speaking, the repairs in the experimental group were remarkably better than those in the other two groups. No regenerated tissue existed in the defects in the control group at four weeks. The defect was the same as the model (Fig. 3a) . In contrast, some regenerated tissue could be observed at four weeks in the other two groups, although the boundary was still notable between the defective tissue and the normal tissue (Figs. 3d and 3g) . The hyaline-like regenerated tissues were found in the experimental and blank groups, but this tissue was far greater in the experimental group. At eight weeks, there was slight tissue repair in the control group, but most defects were still concave, irregular, or sometimes empty in the middle (Fig. 3b) . By this time, the defects in the experimental group were repaired with hyaline-like tissue and the joint surface was relatively smooth, although the boundary still existed (Fig. 3h) . The defect in the blank group was filled with regenerated tissue, but a gap still existed between the regenerated and normal tissue (Fig. 3e) . The defect in the control group was filled with glossy regenerated tissue, but the depression was apparent until twelve weeks later (Fig. 3c) . The defect in the experimental group was repaired with hyaline-like regenerative tissue that was similar to normal tissue. The joint surface was smooth and consistent (Fig. 3i) . The repair of the defect in the blank group was the same except that the color and transparency of the tissue and the smoothness of the joint surface were worse than those in the experimental group (Fig. 3f) .
According to the ICRS scores from macroscopic observations, the average scores in the experimental group were higher than those in the other two groups at every time. The statistical differences between the three groups were significant (P<0.05; Fig. 4a ).
Histological and immunohistochemical evaluations of the articular cartilage repair twelve weeks post-operation
In order to further analyze the degree of the repair, all the tissues were embedded in paraffin and cut into sections for histological and immunohistochemical evaluations. The results confirmed that preliminary tissue-engineered cartilage can promote the repair of articular cartilage defects. The defects were obviously repaired in the experimental group by the group (a, b, c), the blank group (d, e, f), and the  experimental group (g, h, i) at 4 (a, d, g), 8 (b, e, h) , and 12 (c, f, i) weeks fourth week after implantation. A thin cartilage surface containing some chondrocyte-like cells could be observed, but the surface was lower than the surface of normal articular cartilage (Fig. 5g) . Safranin-O staining revealed the existence of proteoglycan in the relatively thin repaired tissue (Fig. 6) . Also, immunohistochemical staining indicated that the new tissue can secrete extracellular matrix (Fig. 7) . Results from staining showed that at the eighth week, the repair was better in the experimental group (Fig. 5h) .
Safranin-O staining revealed obvious cartilage lacuna structure (Fig. 6h ) and the secretion of proteoglycan and collagen was also revealed by immunohistochemical staining (Figs. 6h and 7h) . The defects were repaired completely on gross morphology after twelve weeks. The regenerated tissue closely connected with subchondral bone, and the boundary with normal tissue was fuzzy. The cartilage lacuna in the regenerated tissue was similar to normal cartilage lacuna. It was confirmed that the regenerated tissue was mainly hyaline-like cartilage. Compared with the experimental group, the defects in the blank group were only repaired partially with time. From the results of H & E staining and safranin-O staining, we could conclude that the regenerative tissue in the blank group was mainly fibrous tissue with a small amount of hyaline-like tissue (Figs. 5d and 6d) . The repair tissue could also secrete extracellular matrix, such as proteoglycan and collagen II (Figs. 6 and 7) . The repair of the defect in the control group was the worst. Twelve weeks after surgery, the joint surface of the defects was still concave and was filled with fibrous tissue and a little chondrocyte-like tissue (Figs. 5c and  6c ). In addition, the secretion of collagen II was the worst in the three groups (Fig. 7) . Histological analysis was evaluated according to ICRS scores. As shown in Fig. 4b , the average score was consistent with the results of histological staining and immunohistochemical staining, with the exception of the score for the blank group at twelve weeks. This score was lower than those of the other two groups at the same time.
Discussion
Articular cartilage damaged by disease or trauma has a limited capacity for regeneration. The selfrepair of articular cartilage differs based on levels of blood supply, innervation, and the degree of damage. However, generally speaking, damage is repaired by chondrocytes in the subchondral bone plate or mesenchymal stem cells, inflammatory cells and cytokines in the bone marrow. Ultimately, damage is repaired by fibrous cartilage (Roach et al., 2007; Richter, 2009) . From the histological staining results in the control group, we observed that the defects were filled with fibrous cartilage (Figs. 5-7) , which is consistent with articular cartilage self-repair. Fibrous cartilage easily degenerates and eventually develops into osteoarthritis (Peterson et al., 2010) , so the clinical treatment of defective cartilage is still a troublesome problem (Wakitani et al., 1998) .
Tissue engineering represents a new approach for articular cartilage repair. This technique reconstructed living tissue by associating cells with threedimensional biomaterials which provided a scaffold for cells to proliferate under physiological conditions (Iwasa et al., 2009) . The application of new materials in tissue-engineered scaffolds has received much more and more attention (Fong et al., 2012; Mallick and Cox, 2013) . More and more studies have confirmed that scaffold material simulating the living microenvironment could better simulate the physiological characteristics of organ (Perka et al., 2000; Lee and Mooney, 2001; Jin et al., 2009 ). As we know, collagen and proteoglycans were the main articular cartilage extracellular matrixes. Proteoglycan is group (a, b, c), the blank group  (d, e, f), and the experimental  group (g, h, i) at 4 (a, d, g), 8 (b, e,  h), and 12 (c, f, i) formed by protein covalent with sulfated GAG, and chitosan is one of the polysaccharide natural materials, which contains many amino groups (Gentili and Cancedda, 2009 ). The composition of chitosan is similar to that of proteoglycan, so it can simulate the articular cartilage extracellular matrix to some extent and could promote the formation of cartilage tissue (Liu et al., 2010) . In our previous work (Chen et al., 2014) , we prepared a novel chitosan hydrogel, which contained only 1% (volume ratio) chemical crosslinker, minimizing the cytotoxicity caused by the crosslinker and preserving chitosan's natural properties, and also reported the relative experiment results. In this study, we constructed tissue-engineered cartilage with chitosan hydrogel in vitro, and tried to repair articular cartilage defects in vivo. The pure chitosan hydrogel scaffold was set as the blank group. The H & E staining results in both the experimental and the blank groups at the three time points showed no obviously inflammatory cells, such as neutrophilic granulocytes, lymphocytes, or granulocytes, indicating that chitosan hydrogel has excellent biocompatibility (Fig. 5) . The gross morphology, histological and immunohistochemical results all indicated that the repairs in the two groups were notably better than that of the control group (Figs. 3, 5-7 ). Hyaline-like cartilage was observed at the twelfth week, especially in the experimental group (Fig. 6i) . The ICRS assessment showed that the repair results in the experimental group were the best. From these results, we conclude that articular cartilage defects can be repaired by tissue-engineered cartilage constructed with chitosan hydrogel prepared in our lab. It should be noted that the defect in the blank group was partially repaired (Figs. 3d-3f , 5d-5f, and 6d-6f), which indicates that, because of its biocompatibility and antibacterial properties, pure chitosan hydrogel can also promote cartilage damage repair (Nettles et al., 2002) . During the process of repair, the gel will be gradually replaced by cartilage tissue. Generally speaking, the degradation time of materials should match the production speed of the new tissue. Rapid degradation of the scaffold affects the adhesion of chondrocytes, while slow degradation hinders cells' proliferation and matrix secretion (Bettinger, 2011; Kosuge et al., 2013) . From H & E staining and immunohistochemical staining results, we observed that chondrocytes cultured in hydrogel in vitro can grow and secrete extracellular matrix-collagen II. However, the residual scaffold still can be found in the defects before the defects are fully repaired by regenerative tissue. H & E staining showed that incomplete degradation of the scaffold was visible in the experimental group at the fourth week (Fig. 5g) . The scaffold was gradually degraded and absorbed with time until there was no evidence of it at the eighth week in the experimental group (Fig. 5h) . By contrast, the scaffold in the blank group was degraded slowly and was still in evidence after twelve weeks. That is why histological assessment in the blank group was lower than that in the control group (Fig. 4b) . It is notable that the scaffold was degraded quicker in the experimental group than in the blank group. This may be attributed to the quicker formation of the new tissue in the experimental group, and more active metabolism has promoted the degradation of the scaffold.
The mechanical intensity of the scaffold was another factor that affected cartilage repair. In this research, the mechanical intensity of the regenerative articular cartilage was tested, but the results were not satisfactory (data not presented). The poor mechanical properties of the hydrogel scaffold were its main disadvantage. However, some scaffolds with poor mechanical properties still display excellent prospects in applications such as autologous chondrocyte implantation and matrix-induced autologous chondrocyte implantation (Redman et al., 2005; Willers et al., 2007; Hao et al., 2010) . On the other hand, articular cartilage is composed of chondrocytes, collagen, proteoglycan, and water, and 80% of the fresh articular cartilage is water. Compared with other cartilage, articular cartilage has unique biological properties, such as permeability and viscoelasticity (Broom and Oloyede, 1998) . Therefore, the structure and the physicochemical property of the articular cartilage are similar to those of hydrogel. As a result, it was suggested that chitosan hydrogel could be the suitable scaffold for constructing tissue-engineered articular cartilage.
Conclusions
The results suggest that preliminary tissueengineered cartilage has been successfully constructed in vitro. Chondrocytes on the hydrogel could secrete specific extracellular matrix. The tissue-engineered cartilage significantly improved the repair of damaged articular cartilage in terms of gross morphology and histology. We conclude that damaged cartilage can be repaired by tissue-engineered cartilage constructed with chitosan hydrogel prepared in our lab.
